Introduction
Coronary CT angiography (CCTA) has been implemented in daily clinical routine for non-invasive assessment of coronary artery disease (CAD). However, its growing clinical use and the increased cumulative burden of radiation exposure for patient populations has raised concerns about the potential induction of malignancies. increased lifetime risk for malignancies, various strategies have been developed to enable low-dose CCTA. Among them, prospective ECG triggering, [2] [3] [4] including high-pitch helical scanning, 5 has contributed substantially to radiation dose reduction from over 20 mSv with conventional helical acquisition 6 to around 2 mSv in current daily clinical routine. 2 CT raw data have historically been reconstructed with filtered back projection (FBP), which constitutes a robust and fast way for reconstruction because of low computational resource requirements. However, despite the aforementioned impressive technological refinements, with FBP, increased image noise and degraded image quality have limited further dose reduction through lowering tube current and voltage. To overcome this obstacle, several iterative reconstruction (IR) methods have been developed by various vendors such as iDose4 and IMR by Philips, IRIS, SAFIRE, and ADMIRE by Siemens, AIDR-3D by Toshiba as well as ASiR by GE Healthcare. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Recently, a novel model-based IR algorithm (MBIR; Veo, GE Healthcare) has been demonstrated to provide considerably better image quality than FBP and ASiR 9,10 with high diagnostic accuracy 11 even at submillisievert doses of only 0.2 mSv. However, a head-tohead comparison of the two different IR techniques ASiR and MBIR on quantitative image parameters and diagnostic accuracy has not yet been performed. Therefore, the purpose of the present study aims to assess the impact of MBIR and ASiR on quantitative image parameters and, in a subpopulation, diagnostic accuracy of submillisievert CCTA in a direct comparison using FBP and invasive coronary angiography, respectively, as a standard of reference.
Methods Patients
We prospectively enrolled 91 consecutive patients who were referred for the assessment of known or suspected CAD and underwent submillisievert contrast-enhanced CCTA if none of the following exclusion criteria were present: hypersensitivity to iodinated contrast agent, renal insufficiency, non-sinus rhythm, or hemodynamic instability. A subgroup of consecutive patients (n = 36) were primarily referred for and underwent invasive coronary angiography (ICA) on the same day as CCTA (n = 30) or within 33 ± 13 days (n = 6). This subgroup of prospectively enrolled patients was used for comparison of diagnostic accuracy between the different reconstructions.
Patients were referred based on at least one of the following symptoms such as dyspnoea (n = 19), typical angina pectoris (n = 20), atypical chest pain (n = 37), pathological exercise test, or electrocardiogram (n = 40), for preoperative assessment (n = 3), or because of a high cardiovascular risk profile (n = 2). The patient population participated in prior studies. 10, 11 The study was approved by the local ethics committee (KEK-ZH-Nr. 849) and written informed consent was obtained from all patients.
Computed tomography data acquisition and post-processing
Prior to examination, patients received 2.5 mg isosorbiddinitrate sublingually (Isoket, Schwarz Pharma, Monheim, Germany) if there were no contraindications, and metoprolol (up to 25 mg Beloc, AstraZeneca, London, UK) was administered intravenously if heart rate per minute was higher than 65 bpm in order to obtain optimal image quality for CCTA. Iodixanol (Visipaque 320, 320 mg/ml, GE Healthcare, Buckinghamshire, UK) was injected into an antecubital vein followed by 50 ml saline solution via an 18-cauge catheter. Volume and flow rate were adapted to body surface area (BSA) as previously reported. 10 All CCTA examinations were performed on a 64-slice CT scanner (Discovery HD 750, GE Healthcare) using prospective ECG-triggering during breath-hold at inspiration as previously reported. 3 The scanning parameters were as follows: slice acquisition 64 Â 0.625 mm, z-coverage 40 mm with an increment of 35 mm, smallest X-ray window (75% of the RR-cycle), gantry rotation time of 350 ms and body mass index (BMI)-adapted tube voltage and tube current for submillisievert CCTA.
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CCTA was reconstructed using FBP (i.e. ASiR 0%), with incremental blendings of ASiR (20, 40, 60 , 80, and 100%) or with MBIR (all GE Healthcare). In brief, ASiR reconstructs images by comparing measured projection with a synthesized projection applying a predictor model of statistical noise supported by the noise propagation of the image domain. 9 MBIR uses a more complex system of prediction models, which integrates, in addition to noise statistics, modelling of optical factors such as X-ray tube and detector response. Moreover, it incorporates aspects of X-ray physics (e.g. scatter or crosstalk) and exact geometric features of the cone beam and the absorbing voxels. 19 As MBIR is not yet commercially available for CCTA reconstructions, datasets were transferred to an external workstation outside our department and reconstructed by the vendor (GE Healthcare). The effective radiation dose from CCTA was calculated as the product of dose-length product (DLP) times the conversion coefficient for chest [k = 0.014 mSv/(mGy Â cm)].
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Computed tomography image analysis
On a dedicated workstation (Advantage Workstation 4.4, GE Healthcare), for every patient, the aortic root was examined at the level of the left main coronary artery on an axial image using a region of interest (ROI) with a 20-mm diameter to measure mean attenuation (representing signal) and its standard deviation (SD, representing noise) in Hounsfield units (HU). Similarly, measurements of mean attenuation in the proximal LMA and RCA were obtained using a ROI with 2 mm diameter on axial images and due care was taken to avoid calcifications and streak artefacts. Finally, a ROI with 2 mm diameter was placed in the adjacent perivascular tissue in order to measure the vessel contrast expressed as the difference in mean attenuation in HU between the contrast enhanced vessel and the adjacent perivascular tissue ( Figure 1 ). The obtained measurements were used to calculate contrast-to-noise ratio (CNR), where noise was defined as the SD of the attenuation in the aortic root. The coronary artery tree was subdivided into 16 segments and all segments with a diameter of at least 1.5 mm at their origin as assessed by ICA [quantitative coronary angiography (QCA)] were included, as previously reported. 11 Two independent readers evaluated the luminal narrowing severity as a percentage of the vessel diameter by visual estimations for all available segments on a dedicated workstation (Advantage Workstation, GE Healthcare). CAD was defined as a luminal narrowing > _50% and ICA was used as the standard of reference to asses diagnostic accuracy of CCTA reconstructed with ASiR 40%, ASiR 100%, and MBIR. In case of multiple lesions in the same segment, the most obstructive lesion was assigned to the segment. Based on an intention-todiagnose, non-interpretable segments were counted as obstructive, as in daily clinical routine where such findings mandate further non-invasive or invasive evaluation for certain exclusion of CAD. Inter-observer differences were solved by consensus.
Statistical analysis
Quantitative data were expressed as mean ± SD or median and interquartile range (IQR), where appropriate. These data were tested for ) with a mean weight of 79 ± 16 kg (range 47-144 kg). After intravenous injection of 11 ± 9 mg (range 2-25 mg) b-blocker in 72 patients (79%) mean heart rate during the scan was 58 ± 7 bpm (range 42-84 bpm).
The median DLP from submillisievert CCTA was 14.9 mGy x cm (IQR: 13.5-17.6 mGy x cm) resulting in an estimated median radiation dose of 0.21 mSv (IQR: 0.19-0.25 mSv).
Quantitative analysis
An overview on the quantitative measurements is given in Table 1 . While signal intensity in the aortic root remained unchanged across different levels of ASiR and with MBIR (P = ns), there was a significant decrease in noise in the aortic root across different levels of ASiR and with MBIR ( Figure 2 ; P < 0.001). Moreover, post hoc pairwise comparison with Bonferroni-adjustment revealed greatest noise reduction in reconstructions with MBIR (P < 0.001). Compared with FBP, there was a relative decrease in noise of -11, -21, -32, -41, -48, and -79% for reconstructions using ASiR 20, 40, 60, 80, 100%, and MBIR. Of note, MBIR decreased noise substantially and significantly even when compared with ASiR 100% (-59%; P < 0.001). As a consequence, signal-to-noise ratio (SNR) in the aortic root increased significantly across different levels of ASiR and with MBIR (P < 0.001; Table 1 ), with highest SNR in reconstructions with MBIR (P < 0.001). Compared with FBP, there was a relative increase in SNR of þ16, þ33, þ50, þ83, þ100, and þ366% for reconstructions using ASiR 20, 40, 60, 80, 100%, and MBIR. In addition, similar to the SNR, the CNR in the LMA and RCA increased across different levels of ASiR and with MBIR (P < 0.001; Figure 3) , with highest CNRs in reconstructions with MBIR (P < 0.001). An example of a coronary artery at different ASiR levels and with MBIR is illustrated in Figure 4 .
Diagnostic accuracy
Both readers evaluated a total of 144 vessels and 450 coronary artery segments (of theoretically 576 segments in 36 patients with ICA with QCA documented 33 stenoses in 26 coronary arteries of 17 patients (47%). Ten patients had single-vessel disease, 5 patients had 2-vessel disease, and 2 patients had 3-vessel disease.
Ultra-low-dose CCTA reconstructed with ASiR 40% correctly detected CAD in all 17 patients and correctly ruled out CAD in 7 of 19 patients, resulting in a sensitivity, specificity, and accuracy of 100% [95% confidence interval (CI): 82-100%), 37% (95% CI: 19-59%), and 67%, respectively. Ultra-low-dose CCTA reconstructed with ASiR 100% correctly identified CAD in all 17 patients and correctly ruled out CAD in 10 of the 19 patients, resulting in a sensitivity, specificity, and accuracy of 100% (95% CI: 82-100%), 53% (95% CI: 32-73%), and 75%, respectively. Ultra-low-dose CCTA reconstructed with MBIR correctly detected CAD in all 17 patients and correctly ruled out CAD in 14 of the 19 patients. The findings resulted in a sensitivity, specificity, and accuracy of 100% (95% CI: 82-100%), 74% (95% CI: 51-88%), and 86%, respectively. While sensitivity remained unchanged among different reconstructions (P = ns), specificity differed significantly across different reconstructions (P < 0.05). Figure 5 compares a right coronary artery reconstructed at ASiR 40%, ASiR 100% and MBIR with the artery as depicted by ICA.
Discussion
In the present study, although increasing levels of ASiR significantly and incrementally reduced noise and improved SNR, reconstructions with MBIR provided the largest noise reduction resulting in the highest SNR. In fact, MBIR yielded a noise reduction of -59% and an increase of SNR of þ133% outperforming ASiR at maximum intensity (i.e. 100%). Differences in noise reduction and SNR had a significant impact on diagnostic accuracy for CAD diagnosis: while sensitivity to detect CAD was 100% for ASiR 40%, ASiR 100%, and MBIR, reconstructions with ASiR 40% and ASiR 100% yielded substantially lower specificity (37 and SNR AR 6 ± 2* 7 ± 2* 8 ± 3* 9 ± 3* 11 ± 3* 12 ± 4* 28 ± 8 <0.001
CNR LMA 5 ± 2* 6 ± 2* 7 ± 3* 8 ± 3* 9 ± 3* 11 ± 4* 26 ± 8 <0.001 CNR RCA 5 ± 2* 6 ± 2* 7 ± 3* 8 ± 3* 9 ± 3* 10 ± 4* 25 ± 8 <0.001 AR, aortic root; HU, Hounsfield units; LMA, left main artery; RCA, right coronary artery. *Post hoc pairwise comparison with Bonferroni-adjustment for multiple comparison reveals significant mean differences from MBIR (P < 0.001). 53%, respectively) and diagnostic accuracy (67 and 75%, respectively) when compared with reconstructions with MBIR (specificity of 74% and diagnostic accuracy of 86%) using ICA as standard of reference. This is the first clinical study to assess the impact of MBIR and different levels of ASiR on quantitative image parameters and diagnostic accuracy in a head-to-head comparison. The findings of the present study suggest that the performance of ASiR does not yield the required noise reduction needed for submillisievert CCTA (with a median radiation dose of 0.21 mSv) leading to an impaired diagnostic accuracy because of a substantially lower specificity compared with MBIR. Although increasing levels of ASiR gradually decreased noise and increased SNR, image noise in submillisievert CCTA of the present study remained substantially higher (87 to 51 HU for ASiR 20% to ASiR 100%, respectively) than values achieved with standard lowdose CCTA. 7, 10 In contrast to ASiR, MBIR efficiently reduced image noise (21 HU) to values comparable to previous studies with standard low-dose CCTA (noise, 21-32 HU; radiation dose, 1.19-1.4 mSv). 7, 10 Therefore and as previously demonstrated by the same data, 11 the noise reduction properties of MBIR allow implementation of submillisievert scanning at a median dose of 0.21 mSv in 64-slice CT scanners with high diagnostic accuracy. The present study extends the findings of prior studies on MBIR performed in ex vivo hearts 20 or in patients with atrial fibrillation referred for evaluation of the left atrium and the pulmonary veins 21 to the clinical setting of patients referred for the assessment of known or suspected CAD. The fact that CCTA can be acquired at such low radiation exposure only with MBIR highlights the necessity to implement these postprocessing algorithms into clinical routine to lower radiation dose even further. The implementation of such protocols, as a consequence, shifts the benefit-to-harm ratio of this non-invasive modality even further towards the favourable side of clinical benefit. 22, 23 Because the use of CCTA is mainly considered in patients with a lowto-intermediate pre-test probability and their risk for cardiac events is low, the bars are very high to justify diagnostic procedures to further improve outcome. Therefore, with the radiation dose approaching the low submillisievert range, the debate on the potential risks associated with cardiovascular imaging should not solely focus on radiation exposure, but the unwanted and potentially harmful side effects of contrast agents should also be taken into consideration. 24 Shorter acquisition times offered by latest generation wide-volume CT scanners with 256-and 320-slices and faster gantry rotation times may provide the potential to substantially reduce the volume of contrast agent needed. 25, 26 Submillisievert scanning with tube voltages at 80 kV as in the current study not only reduces radiation dose, but also may help to further reduce contrast agent volume. 27, 28 We acknowledge the following limitations to our study. The present study evaluated the impact of different levels of ASiR and of MBIR on quantitative image parameters. Owing to the obvious differences in image appearance, blinding of the readers to the different IRs is not possible. Thus, while we cannot comment on the impact of different levels of ASiR and of MBIR on subjective image quality, we felt that such a qualitative analysis would not add further validity to the results of the present study. Another limitation is that, although the study population is representative of Western European patients referred for CCTA, the study results cannot be extrapolated to other patient populations. In addition, waist circumference has not been evaluated. Future studies should address the impact of MBIR on BMI and waist circumference in other patient populations.
In conclusion, MBIR offers substantial noise reduction with increased SNR, paving the way for implementation of submillisievert CCTA protocols in clinical routine. In contrast, inferior noise reduction by ASiR negatively affects diagnostic accuracy of submillisievert CCTA for CAD detection.
